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A  NEW  KIND  OF  HETERODYNE  FIBER-OPTIC  GYROSCOPE 


Peng  Gangding,  Huang  Shangyuan,  Lin  Zhongqi 

Abstract:  In  this  paper  a  novel  fiber-optic  heterodyne 

detection  technique  of  rotation  rate  is  described. 

'"A 

Using  electro'-optic  frequency  and  highly  birefringent 

‘f  i 

singler-mode  fiber,  the  heterodyne  fiber-optic  gyroscope 
system  no  more  needs  the  use  of  acousto-optic  devices 
and  is  free  from  the  direct  current  drift  in  the 
electronics.  In  addition,  the  reciprocity  of  the 
optical  path  in  the  system  is  improved.  Preliminary 
experiments  have  shown  a  good  linearity  of  the  scale 
factor.  _ 

'  t 

1.  Introduction 


Fiber-optic  heterodynes  have  attracted  great  attention  because 
they  have  a  good  linearity  of  the  scale  factor  within  a  great 
dynamic  range  as  well  as  simplicity  of  signal  processing.  The 
previously  reported  fiber-optic  heterodyne  techniques  [1,2]  have 
certain  nonreciprocity  of  the  optical  path  and  need  the  use  of 
acousto-optic  frequency  shifters  which  causes  some  problem  of  the 
system.  Jackson,  et  al.  [3]  proposed  the  fiber-optic  gyroscope 
configuration  with  highly  birefringent  fiber-optics  for  a  polariza¬ 
tion  mode  selection  which  improved  the  reciprocity  of  the  optical 
path.  However,  it  is  a  direct  signal  detector  system  which  is 
easily  affected  by  the  direct-current  drift  in  electronics.  It  is 
not  as  easy  in  signal  processing  and  its  sensitivity  is  not  as  high 
as  the  heterodyne  system  is.  Besides,  its  linearity  of  the  scale 
factor  is  not  satisfactory. 

This  paper  introduces  a  novel  fiber-optic  heterodyne  gyro¬ 
scope  by  applying  the  ordinary  rotating  wave  plate  technique  in 
optical  interference  heterodyne  systems  [4-7]  to  highly  bire¬ 
fringent  fibers.  Due  to  the  behavior  of  polarization  retention 
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of  highly  birefringent  fibers,  this  configuration  ensures  system 
stable  output  in  a  polarization  mode  selection  when  needed  by 
the  rotating  wave  plate  technique.  It  endows  the  system  with  good 
reciprocity  and  without  the  need  of  using  acousto-optic  devices. 

The  heterodyne  detection  technique  eliminates  the  direct-current 
drift  in  the  electronics. 

However,  a  rotating  wave  plate  causes  mechanical  disturbances 
in  the  system.  Besides,  it  is  difficult  to  build  a  small-sized 
and  solid-state  system.  According  to  Kaminov,  et  al .  18]  and 
Buhrer,  et  al.  [9],  we  have  designed  electro-optic  frequency 
shifters  made  of  LiNbO-^  crystals,  a  crystal  with  triad  symmetry, 
which  can  be  replaced  equivalently  in  an  external  rotating  electri¬ 
cal  field  for  mechanical  rotating  wave  plates. 

2 .  Fiber-optic  heterodyne  using  rotating  wave  plate  technique 

Using  the  rotating  wave  plate  technique,  the  direct-direction 
fiber-optic  gyroscope  reported  in  the  literature  [3]  can  be  modi¬ 
fied  to  a  novel  fiber-optic  heterodyne  gyroscope  as  shown  in 
Figure  1.  The  circuit  part  above  the  dotline  is  the  same  as  in 
the  literature  [3] ,  but  the  part  below  the  dotted  line  has  been 
added  to  the  new  configuration.  We  performed  heterodyne  detection 
in  poliarzation  mode  selection  using  electric-optic  frequency 
shifters.  Going  through  polarizer  P^  with  polarizing  angle  45° 
from  a  horizontal  direction,  the  beam  from  a  laser  source  is  split 
by  the  polarizing  beam  splitter  PBS  into  two  perpendicular 
polarized  beams--horizontal  and  vertical  which  couple  and  enter 
into  the  fiber  at  the  two  ends  of  highly  birefringent  fibers. 

End  A  of  fiber  has  been  turned  90°  from  end  B.  Therefore,  after 
entering  the  fiber  at  two  ends,  the  two  perpendicular  linearly 
polarized  beams  can  excite  only  the  same  polarization  eigen  mode. 
This  is  the  so-called  polarization  mode  selection  using  the 
behavior  of  polarization  retention  of  highly  birefringent  fibers 
which  enable  the  clockwise  directional  (CW)  wave  entering  fiber 
at  end  A  to  come  out  at  end  B  as  a  horizontal  polarized  beam  and 
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Fig.  1  Sihciuftt;*  'JiagrnuiJ  of  tb*  gyr  •  scope  configar»t:oa 

(a)  C a  rofjtujg  »at«  pU:*?  as  ita  frequency-  ahiSttr.  BS,  bcAic  PB3,  paUrixAtioa 

seleeiiv*  bean,  spht'er,  Px,  poUnirr;  F*  AStairzAr;  D,  deu^tor; 

(b)  C*i£g  a  LLNbO,  cryiui  C  as  its  frequency  thiit*  \n*i—d  of  (b-  BWp  Fif .  i(«).  pM, 

froquer-cy  multiplier;  BP,  btadpAas  flltor,  Pkl,  p  baas  cm  gat 


enter  the  optical  path  below  the  dotted  line  through  beam  splitter 
BS.  In  the  same  way,  the  counterclockwise  directional  (CCW)  wave 
entering  fiber  at  end  B  comes  out  at  end  A  as  a  vertical  polarized 
light  and  also  enters  the  optical  path  below  the  dotted  line 
through  BS.  It  is  obvious  that  the  CW  wave  and  CCW  wave  entering 
the  optical  path  below  the  dotted  line  remain  horizontal  and 
vertical  linearly  polarized  beams,  respectively,  whose  phase 
difference  depends  on  the  Sagnac  effect  at  reciprocity.  Both  the 
linearly  polarized  beams  are  transformed  into  left  and  right 
circularly  polarized  beams  through  a  X/4  quarter-wave  plate  placed 
at  45°  in  the  horizontal  direction,  after  that  they  go  through  a 
wave  plate  with  phase  delay  6  which  can  be  expressed  as 
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where  and  v,.,vn  are  the  field  components  of  polarized  beams  in 

left  and  right  figures,  respectively;  r  is  the  simultaneous  azimuth 
of  the  wave  plate;  a  is  the  phase  difference  between  two  waves, 
the  so-called  Sagnac  phase;  a  and  b  are  amplitudes  of  two  waves. 

Through  analyzer  P2  with  the  azimuth  4,  the  two  waves 
expressed  in  Equation  (1)  reach  detector  D  with  their  light 
intensity  expressed  as 
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I- I  ar«+F„)oo.^+  (r,+F„)«n *|* 


(2) 


Combining  the  above  two  equations  and  simplifying  them  yields 

/j—  Y  [a*  +  b*  -  ab  (1  +  oae  8)  an  (u-2<p)], 

j(«'-y)«n8Bn(3f-2*),  <#) 

J«-y  oi(l-oo*3)*iii(4f  ~a-2ip)t 


When  the  wave  plate  rotates  with  the  angular  frequency 
that  is  the  I,  in  Equation  (3)  corresponds  to  the  direct- 

current  component  of  light  intensity,  while  I2  and  correspond 
to  alternating-current  components  of  light  intensity  with  their 
frequencies  being  the  fundamental  and  multiple  of  <■>.  ,  respectively. 
Due  to  equation  (3)  the  phase  difference  a  to  be  measured  has 
moved  from  the  light  frequency  phase  to  the  term  of  low  frequency 
2<*.  ,  it  can  be  obtained  by  phase  measurement  of  multiple  fre¬ 

quency  terms  to  determine  the  rotation  rate  of  the  gyroscope.  The 
phase  measurement  is  amplitude-independent,  so  there  is  no  special 
range  for  value  of  6  provided  the  amplitude  1^  is  sufficiently 
large . 

3 .  Electro-optic  frequency  shifter  (electro-optic  frequency 
modulator) 


This  paper  discusses  a  series  of  problems  in  replacing  an 
electro-optic  frequency  shifter  for  mechanical  rotating  wave 
plate  to  eliminate  complicated  transmission.  Following  the  analysis 
in  literature  [9]  we  emitted  the  light  along  the  triad  axis  of  a 
LiNbO^  crystal,  the  z  axis.  Due  to  the  symmetry  of  the  crystal, 
the  refracting  power  ellipse  without  an  external  electric  field 
shows  a  circle  projection  on  the  cross  section  perpendicular  to 
the  triad  axis.  That  means  that  the  crystal  has  no  eigen  bire¬ 
fringence  along  the  triad  axis  direction.  Applying  an  electric 
field  E.-E.t and  along  the  directions  perpendicular  to 

the  triad  axis  (the  X,  Y  directions) ,  the  refracting  power  ellipse 
shows  the  ellipse  projection  on  the  XY  cross  section  which  has 
furthermore  been  proved  to  rotate  with  the  angular  frequency  M.' 
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in  the  direction  opposite  to  the  rotation  direction  of  the  external 
electric  field.  This  indicates  that  the  LiNbO^  crystal  plays  the 
same  role  in  the  rotating  external  field  as  a  mechanical  rotating 
wave  plate  does.  Using  equations  related  to  the  photoelectric 
effect,  the  phase  delay  difference  6  of  this  electro-optical  crystal 
equivalent  to  rotating  wave  plate  can  be  determined  as 

5  —  2«rfr r  —  fii  +  Oi  >  W 

where  l  is  the  thickness  of  the  crystal,  r^  and  r22  are  the 
electro-optical  coefficient  of  the  crystal.  In  case  of  LiNbO^, 
r^  =  0,  so  r  =  ^22.  As  shown  in  Figure  1(b),  we  set  on  the  fre¬ 
quency  shifter,  LiNbO^  crystal,  two  pairs  of  electrodes  perpen¬ 
dicular  to  each  other  which  allow  the  simultaneous  application  of 
the  transverse  electric  field  E  and  the  longitudinal  electric  field 

X  , 

Ey.  Replacing  such  an  electro-optic  frequency  shifter  for  a 
mechanical  rotating  wave  plate,  we  made  the  purely  electronic 
device — heterodyne  optic-fiber  gyroscope. 

4 .  Experiment  and  result  analysis 

There  has  been  no  report  of  measuring  the  optical  frequency 
phase  by  an  electro-optic  frequency  shifter  so  far.  Our  experiment 
contains  two  procedures. 

The  first  one  is  to  check  the  accuracy  in  measurements  of 
the  phase  difference  between  left  and  right  circularly  polarized 
beams  by  applying  an  electro-optic  frequency  shifter  to  heterodyne 
interference  system.  The  experiment  set-up  is  shown  in  Figure  2 
where  the  polarization  direction  of  the  linearly  polarized  beam 
output  from  the  laser  can  be  changed  by  changing  the  azimuth  of 
the  (A/2)  halfway  plate.  Due  to  the  behavior  of  the  polarized 
light,  linearly  polarized  light  is  known  as  the  superposition  of 
left  and  right  circularly  polarized  beams  with  the  same  amplitude 
and  a  fixed  phase  difference.  A  given  change  in  azimuth  of 
linearly  polarized  beams  corresponds  to  a  certain  change  in  phase 
difference  between  two  circularly  polarized  beams.  Therefore, 
any  given  phase  difference  between  two  circularly  polarized  beams 
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Fig.  2  Ex|«rrinient£l  «t-up  of  tbe  LiXbOj  el«ctro- 
op'-c  frequency  shifter.  L,  He-Ne  laser;  H,  halfwave 
plate;  C,  LiXbOj  crystal;  A,  atudyrer,  D.  detector; 
BP,  baadp&s*  filter;  FM,  freqaeiicy  multiplier;  PM, 
phasemeter 


can  be  achieved  by  changing  the  azimuth  of  the  (A/2)  halfwave 
plate.  The  frequency  of  the  external  electric  field  in  our 
experiment  is  1  kHz.  From  equation  (3)  the  phase  to  be  measured 
has  been  included  in  the  term  of  signal  light  intensity  with 
4 <p-2ui,t  ,  that  is,  is  the  term  for  2  kHz  frequency.  It  has  to 
be  noted  that  a  change  of  1°  in  the  (A/2)  halfwave  plate  azimuth 
corresponds  to  the  change  of  4°  in  the  phase  difference  between 
two  circularly  polarized  beams.  Figure  3  shows  the  experimental 
results  of  phase  measurements  of  heterodyne  interference  systems 
using  LiNbO^  crystal  electro-optic  frequency  shifters.  Its  curve 
shows  the  relation  between  the  measured  phase  and  azimuth  of  the 
(A/2)  halfwave  plate.  The  result  shows  that  the  application  of  a 
LiNbO^  crystal  electro-optic  frequency  shifter  gives  satisfactory 
accuracy  in  phase  measurement  and  good  linearity.  In  our 
experiment  this  accuracy  depends  on  the  reading  accuracy  of  (A/2) 
halfwave  plate  azimuth. 

Later,  we  did  experiments  on  actual  application  of  LiNbO^ 
crystal  electro-optic  frequency  shifter  to  a  heterodyne  gyroscope 
described  in  Section  2.  The  experiment  set-up  is  shown  in 
Figure  1  where  Figure  1(a)  is  the  fundamental  optical  path  but  its 
mechanical  rotating  wave  plate  is  replaced  by  LiNbO-j  crystal 
electro-optic  frequency  shifter  in  Figure  1(b).  Two  transverse 
electric  fields  being  applied  to  LiNbO^  crystals  differ  90°  in 
phase  and  they  have  equal  amplitude  just  the  same  as  in  the 
earlier  experiment.  The  bandpass  filter  BP  selects  the  2  kHz 
component  from  the  output  of  detector  D  and  delivers  it  to 
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phasemeter  PM  for  signal  phase  measurement.  Frequency  multiplier 
FM  multiplies  the  frequency  of  the  modulation  signal  from  a 
single  source  and  delivers  it  to  PM  as  the  phase  measurement 
reference.  Figure  4  shows  the  relation  between  the  measured 
Signac  phase  value  and  the  rotating  rate  of  a  heterodyne  fiber¬ 
optic  gyroscope.  The  result  shows  good  linearity  of  the  scale 
factor  of  the  system.  In  our  elementary  experiment,  we  did  not 
apply  a  space  filter  which  ensures  high  reciprocity  of  the 
optical  path  of  the  system.  For  future  experiments,  we  plan  to 
add  a  space  filter  and  micro-optical  device  in  order  to  reduce 
:ero  drift  and  to  make  the  system  smaller-sized. 

5.  Conclusion 


(1)  This  paper  introduces  the  application  of  rotating 
techniques  to  direct-current  detection  of  fiber-optic  gyroscopes 
with  highly  birefringent  fibers  resulting  in  a  novel  heterodyne 
optic-fiber  gyroscope.  This  method  has  the  advantage  of  improv¬ 
ing  reciprocity  of  the  optic  path  and  no  need  of  using  acousto¬ 
optic  frequency  shifters  in  comparison  to  ordinary  heterodyne 
fiber-optic  gyroscopes.  Besides,  the  heterodyne  detection  of 
this  system  is  free  from  direct-current  drift  in  electronics  and 
shows  good  linearity  of  the  scale  factor  within  a  great  dynamic 
range . 
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(2)  Concerning  problem*  cau*ed  by  mechanical  complexity  of 
rotating  wave  plate  technique*  and  mechanical  noi*e,  we  designed 
a  LiNbOj  crystal  electro-optic  frequency  shifter  and  replaced  it 
for  the  earlier  mentioned  mechanical  rotating  plate  to  construct 
a  heterodyne  gyroscope  system  which  is  purely  solid  and  purely 
electronic. 

(3)  Our  experimental  result  shows  satisfactory  accuracy  in 
a  measurement  of  the  heterodyne  interference  system  with  an 
electro-optic  frequency  shifter.  The  experiment  of  applying  a 
LiNbO^  crystal  frequency  shifter  to  the  heterodyne  optic-fiber 
gyroscope  described  in  this  paper  shows  good  linearity  of  the 
scale  factor  of  the  system. 
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